The remarkable fidelity of most DNA polymerases depends on a series of early steps in the reaction pathway which allow the selection of the correct nucleotide substrate, while excluding all incorrect ones, before the enzyme is committed to the chemical step of nucleotide incorporation. The conformational transitions that are involved in these early steps are detectable with a variety of fluorescence assays and include the fingers-closing transition that has been characterized in structural studies. Using DNA polymerase I (Klenow fragment) labeled with both donor and acceptor fluorophores, we have employed single-molecule fluorescence resonance energy transfer to study the polymerase conformational transitions that precede nucleotide addition. Our experiments clearly distinguish the open and closed conformations that predominate in Pol-DNA and Pol-DNA-dNTP complexes, respectively. By contrast, the unliganded polymerase shows a broad distribution of FRET values, indicating a high degree of conformational flexibility in the protein in the absence of its substrates; such flexibility was not anticipated on the basis of the available crystallographic structures. Real-time observation of conformational dynamics showed that most of the unliganded polymerase molecules sample the open and closed conformations in the millisecond timescale. Ternary complexes formed in the presence of mismatched dNTPs or complementary ribonucleotides show unique FRET species, which we suggest are relevant to kinetic checkpoints that discriminate against these incorrect substrates.
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alternating-laser excitation | conformational dynamics | fidelity checkpoints | Klenow fragment | fingers-closing D NA polymerases copy a template sequence with extraordinary accuracy thanks to a series of noncovalent transitions that precede the chemical step of phosphoryl transfer and serve as kinetic checkpoints, rejecting inappropriate substrates early in the reaction pathway (1) . An important example is the fingersclosing conformational change, inferred from cocrystal structures, in which the addition of the correct complementary deoxyribonucleotide (dNTP) to a polymerase-DNA (Pol-DNA) binary complex results in a transition from an open to a closed conformation, forming a snug binding pocket around the nascent base pair (Fig. 1A) (2) (3) (4) . A variety of stopped-flow fluorescence studies, including two FRET-based studies focusing explicitly on the fingers-closing step, have provided information on prechemistry conformational transitions in DNA polymerases (5) (6) (7) (8) .
Our studies, on the Klenow fragment of E. coli DNA polymerase I (Pol I(KF)), have identified two potentially interesting conformational transitions, whose rapid rate (≈200 s −1 ) places them ahead of the slow step that is rate-limiting for nucleotide addition (6, 8) . One is the fingers-closing step, which does not take place normally with either mispaired dNTPs or ribonucleotides (rNTPs). The other step is assigned as a DNA rearrangement; this step is blocked by mispaired nucleotides but takes place with complementary nucleotides regardless of whether they contain deoxyribo or ribo sugars. This observation places the DNA conformational transition ahead of the fingers-closing step and suggests a sequence of events in which a DNA polymerase checks the incoming nucleotide first for complementarity to the templating base and subsequently for the correct sugar structure.
A drawback to ensemble studies of the type discussed above is that the measured fluorescence signal is a population average. Therefore one may fail to detect dynamic behavior within the population or the existence of subpopulations of molecules with interesting properties. We have therefore used single-molecule FRET (smFRET) to learn more about the conformational states that precede phosphoryl transfer. A further improvement over our previous experimental design is the attachment of both the donor and acceptor fluorophores to the polymerase, instead of having one partner on the DNA. This expanded the scope of our experiments to include studies of the polymerase in its unliganded form and, by doing so, revealed its highly dynamic state. Thus, Pol I joins a small but growing group of enzymes that, in the absence of substrate, have been shown to explore the conformational states that predominate in enzyme-substrate complexes during the catalytic process (9) (10) (11) (12) .
Results
Protein Labeling. To detect the fingers-closing conformational transition in Pol I(KF), we placed one fluorophore on the mobile segment of the fingers subdomain (residue 744) and a complementary fluorophore at the base of the thumb subdomain (residue 550); the latter position is essentially unchanged during fingers-closing as inferred from cocrystal structures (Fig. 1B) . This labeling scheme maximizes the interfluorophore distance change upon fingers-closing, since the fluorophore on the fingers moves along the vector defined by the initial interprobe separation. The C β positions of the labeled side chains are ≈52 Å apart in the open conformation and ≈42 Å apart in the closed conformation; such a large distance change can be detected easily using FRET. We chose Cy3B as the FRET donor (abbreviated as "G" for emitting upon green-laser excitation) and ATTO647N as the acceptor (abbreviated as "R" for emitting upon red-laser excitation); this pair has a Förster distance, R o , of 67 Å (determined as in ref. 13) , which is consistent with the FRET changes described below, assuming a contribution of 15-20 Å from the fluorophore linkers. By exploiting differences in the reactivity of Cys side chains at 550 and 744, we obtained two doubly labeled Pol I (KF) preparations (SI Materials and Methods and Figs. S1 and Fig. S2 ).
In one, the donor-acceptor population was almost exclusively (≥97%) 550-Cy3B,744-ATTO647N (abbreviated as G 550 R 744 ); in the other, the donor-acceptor population was heavily biased (≈88%) towards 550-ATTO647N,744-Cy3B (abbreviated as R 550 G 744 ). In smFRETexperiments, the G 550 R 744 protein behaved as if stuck in the closed conformation (Fig. S3) , and, unlike the R 550 G 744 derivative, did not show a fingers-closing transition in ensemble FRET measurements (Fig. S2) . We attribute this aberrant behavior to the ATTO647N probe at position 744 which, in doubly or singly labeled Pol I(KF) derivatives, resulted in lower polymerase activity (Fig. S2) , perhaps related to the high anisotropy of this probe (Fig. S1E) . Consequently, the experiments described below were carried out using the R 550 G 744 protein, and, when appropriate, the calculated amounts of various species were corrected for the presence of 12% G 550 R 744 in the closed conformation.
smFRET Demonstrates Open and Closed Conformations. Single-molecule FRET studies of Pol I(KF), unliganded and in complexes with DNA and nucleotides, were performed on molecules diffusing freely through a femtoliter observation volume defined by a focused laser beam and confocal optics. Our experiments were performed using alternating-laser excitation (ALEX), which reports on the status of both donor and acceptor fluorophores by sorting molecules on the basis of relative donor:acceptor stoichiometry (S) and apparent FRET efficiency (E Ã ) (14, 15) . The DNA substrate was a hairpin template-primer with A as the templating base (Fig. 1C) . The 3′ terminus was a dideoxynucleotide, allowing formation of a ternary complex with an incoming dNTP, but preventing subsequent phosphoryl transfer and therefore restricting our observations to prechemistry species.
The FRET distributions obtained for Pol-DNA and Pol-DNAdNTP complexes each revealed a biased bimodal distribution of molecular species with the majority species in each case having a FRET value consistent with the structurally defined open and closed complexes, respectively ( Fig. 2B and C) . In the Pol-DNA binary complex, the predominant species (66%) peaked at mean E Ã ¼ 0.5, corresponding to the open conformation; nevertheless, the closed conformation was significantly represented even at a DNA concentration that should drive >95% of Pol I(KF) into binary complexes. Addition of dTTP, complementary to the templating base, gave the closed ternary complex with mean E Ã ¼ 0.7. The fraction of molecules in the closed conformation increased as a function of dNTP concentration, reflecting a K d app of 0.2 μM (Fig. S4A and B) . At saturating dTTP concentration, 84% of the molecules were in the closed conformation. This 5∶1 ratio of closed to open complexes considerably strengthens our previous estimate of the equilibrium across the fingers-closing step (6) . Similar FRET species were observed using a DNA substrate with a template T ( Fig. S4C and D) , indicating that the FRETcharacteristics of Pol I(KF) complexes are independent of the identity of the templating base and incoming complementary dNTP.
Dynamic Behavior of the Unliganded Polymerase. In contrast to the binary and ternary complexes, the unliganded Pol I(KF) exhibited a highly heterogeneous FRET distribution, suggestive of interconversions between open and closed conformations occurring at the millisecond timescale. In the smFRET experiments ( Fig. 2A) , unliganded Pol I(KF) gave a broad, flat FRET distribution with mean E Ã ≈ 0.6. If this distribution is fitted by a single Gaussian function, the fit is poor (red line; reduced χ 2 ¼ 125) and the distribution has a width (σ dist ¼ 0.134) that exceeds by >2-fold the width obtained for the open and closed states. Static or dynamic heterogeneity of the unliganded Pol I(KF) could account for the excessive width of its E Ã distribution.
In the case of static heterogeneity, the broad distribution might be due to molecules with noninterconverting conformations corresponding to closely spaced E Ã values. However, fitting with a double-Gaussian function, with the means and widths of the individual Gaussians fixed to those of the open and the closed conformations ( Fig Dynamic heterogeneity can cause a broad E Ã distribution if each molecule interconverts between different E Ã states on a timescale close to its observation time (16) . Monte-Carlo simulations of ALEX experiments ( Fig. S6 and SI Materials and Methods) showed that the flat broad shape of the E Ã distribution in unliganded Pol I(KF) can be recapitulated if transitions between open and closed states equivalent to those seen in the binary and ternary complexes occur on a timescale similar to that of diffusion (with a diffusion time of 3 ms, as measured using fluorescence correlation spectroscopy [FCS] ). In contrast, faster dynamics (e.g. 10-fold faster than diffusion through the confocal volume) result in Gaussian-like distributions with narrow widths, whereas slower dynamics (e.g. 10-fold slower than diffusion through the confocal volume) result in two distinct, well-resolved Gaussian distributions.
It is technically difficult to observe single-molecule dynamics around the 3 ms timescale: detection of diffusing single molecules in solution is generally limited to short observation times, whereas observations of surface-immobilized proteins are often complicated by surface-induced artifacts (17) . By recording long confocal datasets in solution, we collected a population of long (≥8 ms) bursts corresponding to the small fraction of molecules that remained longer than average in the confocal volume. In the case of the unliganded Pol I(KF), many of these long bursts showed FRET fluctuations consistent with transitions between the open and closed states (Figs. 3A and S7 ), whereas the binary and ternary complexes remained primarily in a single conformational state (open for binary complexes, closed for ternary complexes) with occasional sampling of the less populated state (Fig. S7) .
A statistical approach to analyze FRET fluctuations within single bursts relies on calculating the standard-deviation of E Ã (σ E Ã ) for each burst (18) . Molecules that interconvert many times between conformational states during their confocal-volume transit produce highly time-varying E Ã values and, in turn, σ E Ã values higher than those of static or slowly fluctuating samples (see Fig. 3B for simulations). Our experimental results for unliganded Pol I(KF) revealed a large fraction of molecules that exceed the static limit of σ E Ã ("shot-noise limit"; dotted parabola, Fig. 3C and SI Materials and Methods), in qualitative agreement with simulations of a two-state system interconverting around the diffusion timescale ( Fig. 3B ;
. In contrast, the binary and ternary complexes (Fig. 3C ) appear largely static within the observation timescale.
Additional support for millisecond-timescale dynamics in the unliganded Pol came from FCS studies in 5% nondenaturing polyacrylamide gels. These gels increased the mean diffusion time by ≈3-fold (to ≈8 ms), providing a longer time-window for observing dynamics by FCS in a nonperturbing fashion, even for large conformational changes (e.g., the folding/unfolding of a DNA hairpin, ref. 18). Using published procedures (19), we were able to separate the timescale of FRET fluctuations from the timescale of diffusion (a major complication in earlier FCS approaches) by fitting the ratio of correlation functions G DD ðτÞ and G DA ðτÞ to an exponential function that represents the FRET fluctuations (see SI Materials and Methods and ref. 18) . Applying this method to unliganded Pol I(KF) showed a clear, largeamplitude FRET-fluctuation process that relaxes at ≈3 ms (Fig. 3D bottom, dark gray line) . In contrast, the amplitude of FRET fluctuations for the binary and ternary complexes (Fig. 3E) was small, similar to that of a static-DNA control (Fig. 3D bottom, light gray line), reflecting the absence of dynamics within the probed timescale (1 μs-10 ms) .
The ≈3 ms timescale obtained for unliganded Pol I(KF) using FCS is in excellent agreement with our simple two-state simulations (Figs. 3B and S6) , in which an ≈3 ms relaxation time (equivalent to opening and closing rates of ≈166 s −1 ) gave the best approximation of the experimental results. Taken together, simulations, the standard-deviation analysis, and the FCS analysis, supported by time-trace data, all point to the conclusion that unliganded Pol I(KF) fluctuates between open and closed conformations on a timescale of ≈3 ms. By contrast, the apparent absence of dynamics in the ternary complex is consistent with the opening and closing rates provided by our ensemble stopped-flow experiments, which showed that the rate of fingers-closing at saturating dNTP is 140 s −1 (6) . Using this rate, and the observed 5∶1 equilibrium in favor of the closed conformation (Fig. 2C) , we calculate an opening rate of ≈30 s −1 .
Complexes with Mispaired dNTPs and with Ribonucleotides. An essential characteristic of DNA polymerases is their ability to reject mismatched dNTPs. Our smFRET experiments suggest that a correct dNTP, forming an A-dTTP pair) . The numbers of bursts in A, B, and C are comparable (2731, 2908, and 2598 events, respectively). The binary complex was formed by adding 100 nM DNA to Pol I(KF); the ternary complex was formed by adding 100 nM DNA and 10 μM dTTP to Pol I(KF). Each sample is described by two histograms: The lower shows a two-dimensional histogram of probe stoichiometry, S, vs. apparent FRET efficiency, E Ã , for each diffusing molecule that contains both G and R fluorophores (i.e., molecules with 0.6 < S < 0.9; see SI Materials and Methods and refs. 14, 31). The upper panel shows a one-dimensional E Ã histogram (80 bins) of the molecules in the lower panel. In (B) and (C), the E Ã distributions were fitted to double-Gaussian distributions (black solid lines, sum of Gaussians; dashed lines, individual Gaussians) using an iterative process (see SI Materials and Methods). discrimination against mismatches involves a unique ternary complex species, illustrated by the complex containing an A-dGTP mispair (Fig. 4A ). The mismatched species had a mean E Ã of ≈0.55 (Fig. 4A) , a value only slightly greater than that of the open binary complex (0.50; Fig. 2B ) so that there was no clear separation between the mispair ternary complex and the open binary complex in the FRET histograms. Instead, there was a gradual shift in the mean E Ã of the lower-FRET peak, which showed saturation behavior as a function of nucleotide concentration (Fig. 4D and Fig. S8A ). The saturation position of the peak was at ≈25% of the FRET difference between the open and closed complexes, indicating that the mispair ternary complex is distinct from the open and closed complexes described earlier.
We observed similar FRETchanges with other mispairs, including a T-dTTP mispair (Fig. S8C) where the steric constraints on formation of the closed complex should be less severe than for A-dGTP. Interestingly, Pol I(KF) complexed with a dNTP in the absence of DNA gave a species with similar E Ã to that of the mispair ternary complex (Fig. 4C) , implying that Pol-DNAdNTP(mis) complexes might resemble the open Pol-dNTP complex that has been observed in cocrystals (20, 21) .
In addition to discriminating against mismatches, DNA polymerases also select for the correct sugar structure, choosing dNTPs over rNTPs by a factor of ≈10 4 (22) . Like the A-dGTP ternary complex described above, an A-rUTP complex, containing a complementary ribonucleotide, showed the presence of a unique FRET species distinct from the open and closed conformations (Fig. 4B) . The E Ã value of the A-rUTP species, and its 
, it displays an additional, wide population (centered at E Ã ≈ 0.6) with σ E Ã that exceeds the shot-noise limit by 5-15%. A further 10-fold increase in the interconversion rate leads to a single, narrow distribution (centered at E Ã ∼ 0.6) with σ E Ã that exceeds the shot-noise limit by ≈20%. saturation behavior as a function of UTP concentration ( Fig. 4E and Fig. S8B ) resembled that of the mismatched ternary complex. Despite the similar E Ã values, we suspect that the mispair and ribonucleotide ternary complexes are distinct from one another, based on our ensemble stopped-flow studies showing that rNTPs and mispairs are detected at different steps of the reaction pathway. Incorporation of complementary rNTPs by Pol I(KF) is blocked by steric interference in the closed complex between the ribose 2′-OH and a highly conserved side chain (Glu710) (23) . This steric clash should develop only as fingers-closing proceeds, consistent with the stopped-flow data showing that an rNTP substrate diminished both the rate and the extent of fingers-closing (6) . Thus, it is likely that the Pol-DNA-rNTP complex corresponds to a partially closed conformation limited by steric constraints, and the inability of this complex to proceed further along the reaction pathway results in rejection of rNTPs. By contrast, ternary complexes containing mispaired dNTPs are blocked at or before the DNA rearrangement step that precedes fingers-closing (6, 8) . This implies that Pol I(KF) can detect a mispair without accessing the fully closed conformation and is consistent with the absence of a FRET change in the mispair ternary complexes that we have examined using an AEDANS-Dabcyl FRET pair in our ensemble stopped-flow assay for fingers-closing (6). We suggest, therefore, that the FRET pair used in the current study is able to detect a rearrangement, occurring on binding a mispaired dNTP, that is distinct from fingers-closing.
Discussion
The smFRET technique has provided a unique window on the DNA polymerase reaction pathway, revealing molecular species and conformational dynamics that would be difficult to detect by other means. Crystallographic data for A-family and other highfidelity DNA polymerases fostered the expectation that Pol-DNA binary complexes would populate exclusively the open conformation and Pol-DNA-dNTP ternary complexes the closed conformation. By measuring the population of FRET states in solution, unconstrained by the requirement for molecular uniformity in a crystal, smFRET demonstrates that both binary and ternary complexes populate the less favored conformation to a significant extent. Our data imply that the binary complex favors the open conformation by ≈0.4 kcal mol −1 , and the ternary , and (C) a binary Pol-dNTP complex (lacking DNA) with 1 mM dGTP. In (A) and (B), the DNA (Fig. 1C ) was present at 100 nM; control experiments ( Fig. S8D ) established that DNA was present in these complexes. The vertical dashed lines correspond to the mean E Ã for the open (E Ã ¼ 0.5) and closed (E Ã ¼ 0.7) conformations that predominate in the binary and matched ternary complexes, respectively (Fig. 2) . The E Ã histograms were fitted to double-Gaussian distributions (solid black lines, sum of Gaussians; dashed lines, individual Gaussians). In all cases, the fit of the lower-E Ã subpopulation was unconstrained, whereas the mean of the higher-E Ã subpopulation (which gives rise to a shoulder) was fixed at E Ã ¼ 0. complex favors the closed conformation by ≈1 kcal mol −1 . Rather more unexpected were the conformational heterogeneity and rapid dynamics seen in the unliganded polymerase, contrasting with crystal structures which showed unliganded DNA polymerases in the open conformation characteristic of the corresponding Pol-DNA complexes (24) (25) (26) (27) (28) . Our data strongly suggest that unliganded Pol I(KF) can access the full range of motion required for its reaction mechanism, consistent with the hypothesis, developed from observations on several different enzymes, that conformational motions employed in enzyme catalysis are intrinsic to the unliganded enzyme (9) (10) (11) (12) . The unliganded motions of Pol I(KF) appear to be faster than the prechemistry rate-limiting step (6, 29) ; this may play an important role in the fast rejection of the large number of incorrect nucleotide substrates encountered by a DNA polymerase in vivo.
The smFRET approach also enabled us to detect the subtle FRET changes that accompany the binding of ribonucleotides or dNTP mispairs. An intriguing possibility is that the unique molecular species we have observed may provide clues as to the nature of the steps on the reaction pathway that constitute the kinetic checkpoints that discriminate against these inappropriate substrates. With this in mind, we have used known cocrystal structures to derive a plausible sequence of active site structures describing the processes from dNTP binding to fingers-closing ( compared with the open Pol-DNA binary complex. C, derived from a cocrystal structure of T7 RNA polymerase (30) , a structural homologue of DNA polymerase I, is a good candidate for the kinetic checkpoint that discriminates against mismatched dNTPs because it provides a mechanism for testing an incoming nucleotide for complementarity to the templating base within the open conformation. It appears that this structure could be reached with minimal rearrangement of the proposed initial dNTP-bound species (B), consistent with the similar FRET characteristics of Pol-dNTP and Pol-DNA-dNTP(mis) complexes. Specificity would be provided by the failure of a mispair to proceed beyond this stage, whereas a correct template-dNTP pair could be smoothly delivered into the active site by movement of the O-helix into the closed position (D). While the actual intermediates on the reaction pathway may differ significantly from those captured in cocrystal structures, this hypothetical scheme provides a useful starting point for integrating structural and mechanistic aspects of DNA polymerase specificity.
Materials and Methods
The following procedures are described in SI Materials and Methods: preparation of proteins and DNA, labeling of Pol I(KF) derivatives, singlemolecule confocal experiments, and in-gel FCS experiments.
